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Advanced glycation end products (AGEs) are important media- 
tors of diabetic nephropathy that act through the receptor for 
AGEs (RAGE), as well as other mechanisms, to promote renal 
inflammation and glomerulosclerosis. The relative contribution 
of RAGE-dependent and RAGE-independent signaling pathways 
has not been previously studied in vivo. In this study, diabetic 
RAGE apoE double-knockout (KO) mice with streptozotocin- 
induced diabetes were treated with the AGE inhibitor, alagebrium 
(1 mg/kg/day), or the ACE inhibitor, quinapril (30 mg/kg/day), for 
20 weeks, and renal parameters were assessed. RAGE deletion 
attenuated mesangial expansion, glomerular matrix accumula- 
tion, and renal oxidative stress associated with 20 weeks of di- 
abetes. By contrast, inflammation and AGE accumulation associated 
with diabetes was not prevented. However, treatment with alagebrium 
in diabetic RAGE apoE KO mice reduced renal AGE levels and 
further reduced glomerular matrix accumulation. In addition, 
even in the absence of RAGE expression, alagebrium attenuated 
cortical inflammation, as denoted by the reduced expression of 
monocyte chemoattractant protein- 1, intracellular adhesion 
molecule-1, and the macrophage marker cluster of differentiation 
molecule lib. These novel findings confirm the presence of im- 
portant RAGE-independent as well as RAGE-dependent signal- 
ing pathways that may be activated in the kidney by AGEs. This 
has important implications for the design of optimal therapeutic 
strategies for the prevention of diabetic nephropathy. Diabetes 
61:2105-2113, 2012 




Prolonged hyperglycemia, dyslipidemia, and oxi- 
dative stress in diabetes result in the accumula- 
tion of advanced glycation end products (AGEs), 
which contribute to the development and pro- 
gression of renal damage (1,2) as well as other diabetes 
complications (3). The importance of AGEs as downstream 
mediators of renal damage has been demonstrated in 
studies using chemically disparate inhibitors of AGE 
formation to retard the development of kidney disease, 
including aminoguanidine (4), pyridoxamine (5), benfotiamine 
(6), and alagebrium chloride (4,7). Furthermore, direct 
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exposure to AGEs is able to generate lesions similar to 
those seen in diabetic nephropathy (8). AGEs partly act 
through receptor-dependent mechanisms to promote vas- 
cular damage, cellular dysfunction, fibrogenesis, and in- 
flammation associated with diabetic nephropathy (9,10). 
The best studied is activation of the receptor for AGEs 
(RAGE). Genetic deletion of RAGE results in reduced re- 
nal injury associated with diabetes (11,12), whereas mice 
overexpressing RAGE develop severe nephropathy after 
the induction of diabetes (13). Treatment of diabetic db/db 
mice with soluble RAGE, a dummy receptor that acts as 
a competitive antagonist to full length RAGE, also signifi- 
cantly reduces renal injury in experimental diabetes (14). 
Whether the renoprotective actions of AGE inhibitors, 
such as alagebrium, are predominantly due to their ability 
to reduce activation of the RAGE receptor associated with 
a fall in AGE ligands, attenuation of receptor-independent 
effects of AGEs on kidney function, or both, is unclear. To 
address this question, in this study, we examine for the 
first time the renoprotective actions of alagebrium in di- 
abetic RAGE apolipoprotein E (apoE) double-knockout 
(KO) mice, with a particular emphasis on glomerular fi- 
brosis and inflammation, comparing its effects with those 
of the ACE inhibitor, quinapril. 



RESEARCH DESIGN AND METHODS 

Animals. The effect of diabetes on renal damage and dysfunction was studied 
in male apoE KO mice backcrossed 20 times onto a C57B16 background. Di- 
abetes was induced at age 6 weeks by five daily injections of streptozotocin 
(55 mg/kg; Sigma-Aldrich, St. Louis, MO) in citrate buffer (n = 20/group), with 
control mice receiving citrate alone. This is a model of accelerated renal 
damage associated with diabetes, with a more advanced phenotype observed 
than in wild-type C57B16 mice, due to the presence of dyslipidemia, which is 
also a feature of diabetic nephropathy in humans. All animals were housed at 
the Precinct Animal Centre, Baker IDI Heart and Diabetes Research Institute. 
The animals had unrestricted access to water and food and were maintained 
on a 12-h light-12-h dark cycle on standard mouse chow (Specialty Feeds, 
Glen Forrest, WA, Australia). Studies were conducted according to National 
Health and Medical Research Council (NHMRC) guidelines in line with in- 
ternational standards approved by the precinct animal ethics committee. 

To examine the effect of RAGE in this model, apoE KO mice and RAGE apoE 
double-KO mice on the same C57B16 background were studied, as previously de- 
scribed (15). RAGE apoE mice were further randomized to be treated with ala- 
gebrium (1 mg/kg/day by gavage; Synvista, Ramsay, NY), quinapril (30 mg/kg/day in 
drinking water; Pfizer, Ann Arbor, MI), or no treatment (n = 20/group). After 20 
weeks of diabetes, mice were placed into individual metabolic cages for 24 h 
and urine was collected. Body weight as well as fluid and food intake were 
recorded. Urinary albumin excretion was estimated in urine samples by a mouse 
albumin enzyme-linked immunosorbent assay (ELISA) kit (Bethyl Laboratories, 
Montgomery, TX) according to the kit protocol. Urinary and serum creatinine 
concentrations were measured by high-performance liquid chromatography 
(HPLC) as described previously (16). Systolic blood pressure was assessed by 
a noninvasive tail cuff method (model ML125, AD Instruments, Bella Vista, NSW, 
Australia) in conscious mice at the end of the study, as described previously (17). 



diabetes.diabetesjournals.org 



DIABETES, VOL. 61, AUGUST 2012 2105 



ALAGEBRIUM AND RAGE KO IN DIABETIC apoE KO MICE 



Mice were humanely killed using a lethal injection of sodium pentobarbitone 
(100 mg/kg body weight; Euthal, Sigma-Aldrich, Castle Hill, NSW, Australia), 
followed by cardiac exsanguination. Lysates of erythrocytes were analyzed for 
glycated hemoglobin levels by HPLC (Bio-Rad, Richmond, CA) (18). Plasma 
levels of total cholesterol and triglycerides were measured with a standard 
commercial enzymatic assay using a Beckman Coulter LX20PRO Analyzer (Cat 
No. 467825 Beckman Coulter Diagnostics, Gladesville, NSW, Australia). LDL 
cholesterol was calculated using the Friedewald formula. Kidneys were rap- 
idly dissected and weighed (wet weight) before both organs were snap frozen 
in liquid nitrogen and stored at -80°C or put in 10% buffered formalin (v/v) 
before being embedded in paraffin. 

Quantitative real-time RT-PCR. Glomeruli were isolated from frozen cor- 
tical tissue sections by differential sieving. Briefly, frozen cortex was minced on 
ice using a scalpel blade. The minced cortex was flushed through a 100-|jim 
disposable filter (BD Bioscience, North Ryde, NSW, Australia) with cold saline 
and collected. The filtered solution was then flushed through a 70-fxm filter 
(BD Bioscience). The glomerular fraction was isolated by inversion of the 
70-|jim filter, followed by a cold saline flush. The presence of glomeruli was 
confirmed by light microscopy. The glomerular fraction was then spun at 6,000 
rpm for 15 min at 4°C. The supernatant was removed, and the pellets were 
resuspended in Trizol (1 mL). RNA isolation and cDNA generation were done 
as described previously (16). Gene expression of key matrix proteins, adhe- 
sion molecules, and proinflammatory cytokines were assessed by real-time 
quantitative RT-PCR using the Taqman system based on the real-time de- 
tection of accumulated fluorescence (ABI Prism 7500; Perkin-Elmer, Foster 
City, CA; see the Supplementary Table for probes and primers) (16). Gene 
expression was normalized to 18S mRNA and reported as ratios compared 
with the level of expression in untreated control mice, which were given an 
arbitrary value of 1. 

Histochemistry on renal sections. Kidney sections (2 fxm) were stained with 
periodic acid-Schiff (PAS) for measurement of mesangial area. Mesangial area 
was analyzed (percentage of glomerular area) from digital pictures of glo- 
meruli (15-20 glomeruli per kidney per animal) using Image-Pro Plus 6.0 
software (Media Cybernetics, Bethesda, MD), as described previously (16). 
Sections were also stained for collagen IV antibody (1:1600 goat anti-collagen 
IV, Southern Biotech, Birmingham, AL), fibronectin (1:100 rabbit anti-fibronectin, 
Dako Cytomation, Glostrup, Denmark), monocyte chemoattractant protein 
(MCP)-l (1:50 hamster anti-macrophage chemoattractant protein- 1 BD 
Pharmingen, North Ryde, NSW, Australia), AGEs (antibody kindly provided 
by M. Coughlan, Baker IDI Heart and Diabetes Institute, Melbourne, VIC, 
Australia (19), and nitrotyrosine (1:200 rabbit anti-nitrotyrosine, Millipore, 
Australia). For glomerular assessment, —15 glomeruli/slide were captured as 
photomicrographs (Olympus BX-50, Olympus Optical; Q-imaging MicroPublisher 
3.3 RTV camera, Surrey, BC, Canada) under identical light conditions, and the 
percentage of the area of the glomerular tuft stained was digitally quantitated 
based on red, green, and blue (Image Pro-Plus 6.0 software; Media Cyber- 
netics, Silver Spring, MD). The tubulointerstitial area was assessed using 
a point-based system, as described previously (20), with six fields (magnifi- 
cation X200) assessed per animal (n = 6-8 per group). 



Protein quantification. Protein extracts from kidney cortex for each group 
(n = 5-6/group) were used to estimate the concentration the expression of 
intracellular adhesion molecule (ICAM)-l and MCP-1 (both R&D Systems, Bio 
Scientific, Kirrawee, NSW, Australia) according to ELISA kit instructions, 
except homogenate for MCP-1 was used at 1:2. AGEs were determined using 
a direct ELISA, as previously described (21), using the antibody described 
above used for immunohistochemistry. Cluster of differentiation molecule lib 
(CD lib), which is part of macrophage-1 (Mac-1) antigen, was determined using 
a sandwich ELISA. High-binding 96-well ELISA plates were coated overnight 
at 4°C in 1XPBS with mouse anti-CD lib (ED8, Novus Biologicals, Sapphire 
Bioscience, Waterloo, NSW, Australia). After all steps, three washes with 
IXPBS/O.05% Tween 20 (PBS/T) were performed. Plates were blocked with 4% 
milk/PBS/T for 2 h at room temperature (RT) before mouse kidney homoge- 
nates were added (1:2; 2 h RT). Rat anti-CD lib monoclonal antibody (Ml/70, 
eBioscience, Jomar Bioscience Kensington, SA, Australia) was then added 
(2 h, 1:500 in 0.4% milk/PBS/T), followed by detection with biotinylated 
anti-rat IgG (1 h, RT), streptavidin horseradish peroxidase (R&D Systems) 
for 30 min at RT, then 100 jjuL/well of 3,3',5,5'tetramethylbenzidine (TMB) 
liquid substrate (Sigma). The optical density was scanned at 655 nm. BCA 
protein assay (Pierce, Thermo Scientific, Scoresby, VIC, Australia) was 
performed (samples 1:40 in PBS) according to kit instructions, and ELISA 
results were expressed relative to the total protein concentration. 
Statistical analysis. Data were analyzed by one-way ANOVA with compar- 
isons of group means performed by the Fisher least significant difference 
method. Analyses were performed using SPSS 17.0 software (SPSS, Chicago, 
IL). Data are shown as means ± SEM unless otherwise specified; albumin- 
uria is shown as the geometric mean. P < 0.05 was considered statistically 
significant. 

RESULTS 

Metabolic parameters. The induction of diabetes was 
associated with elevated plasma glucose concentrations 
and glycated hemoglobin levels compared with the re- 
spective nondiabetic controls, which were comparable in 
apoE KO and RAGE apoE double-KO mice (Table 1). 
Glucose and glycated hemoglobin were not significantly 
affected by treatment with alagebrium or quinapril in di- 
abetic mice. Total and LDL cholesterol were also higher in 
diabetic mice compared with nondiabetic controls. Dia- 
betes in RAGE apoE KO mice was associated with modestly 
lower total and LDL cholesterol levels, although plasma 
levels remained markedly elevated due to the deficiency of 
the apoE gene. Lipid parameters were not significantly 
modified in mice treated with alagebrium or quinapril. 
Systolic blood pressure levels did not significantly differ 
between apoE KO and RAGE apoE double-KO mice or with 



TABLE 1 



General and metabolic parameters after 20 weeks of study in apoE KO and RAGE apoE double-KO mice, in the presence and absence 
of diabetes, with and without treatment (n = 8-11 per group) 





Control 




Diabetes 






ApoE KO 


RAGE apoE 


ApoE KO 


RAGE apoE KO 


RAGE apoE KO + 




Quinapril 


Alagebrium 


Systolic blood pressure (mmHg) 


124 ± 2 


117 ± 6 


127 ± 4 


126 ± 6 


103 ± 4#§ 


130 ± 4 
















Kidney weight (g/mm 2 ) 


35.6 ± 0.7 


35.1 ± 1.0 


50.2 ± 1.0* 


47.9 ± l.21f 


48.0 ± 1.1 


45.1 ± 1.5§ 


Albumin excretion (|Jig/24 h) 


26 


38 


160* 


1861f 


115# 


156 


Creatinine clearance (mL/min/m 2 ) 


42 ± 5 


33 ± 4 


66 ± 8* 


73 ± 4T 


67 ± 6 


54 ± 2t 


Glycated hemoglobin (%) 


4.3 ± 0.1 


4.1 ± 0.2 


14.3 ± 0.4* 


13.7 ± 0.511 


13.8 ± 0.3 


13.8 ± 0.4 


Plasma glucose (mmol/L) 


10.5 ± 0.7 


12.6 ± 0.6 


35.0 ± 2.0* 


33.0 ± 1.9H 


32.1 ± 2.6 


29.5 ± 2.3§ 


Total cholesterol (mmol/L) 


10.5 ± 2.7 


11.4 ± 0.5 


21.2 ± 1.2* 


16.9 ± 1.2§1f 


18.3 ± 1.8 


16.2 ± 1.1§ 


Triglycerides (mmol/L) 


1.5 ± 0.1 


2.2 ± 0.4 


2.1 ± 0.3 


1.5 ± 0.3 


2.3 ± 0.3 


1.6 ± 0.2 


LDL (mmol/L) 


7.3 ± 0.5 


7.5 ± 0.4 


16.5 ± 1.0* 


13.1 ± 0.9§1f 


13.7 ± 1.3§ 


12.6 ± 1.0§ 



Albumin excretion is expressed as the geometric mean. *P < 0.05 vs. ApoE KO. §P < 0.05 vs. diabetic apoE KO. IfP < 0.05 vs. RAGE apoE KO. 
#P < 0.05 diabetic RAGE apoE KO vs. diabetic RAGE apoE KO + quinapril. fP < 0.05 diabetic RAGE apoE KO vs. diabetic RAGE apoE + 
alagebrium. tP < 0.05 diabetic RAGE apoE KO + quinapril vs. diabetic RAGE apoE KO + alagebrium. 
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the induction of diabetes. Blood pressure was reduced in 
mice treated with the ACE inhibitor, quinapril, but was not 
affected by treatment with alagebrium (Table 1). 
Renal function, albuminuria, and renal hypertrophy. 
The induction of diabetes was associated with increased 
24-h urinary albumin excretion compared with nondiabetic 
apoE KO mice (Table 1). Neither RAGE deletion nor alage- 
brium treatment reduced albuminuria in this model (Table 1). 
However, treatment with quinapril significantly lowered 
albumin excretion by 30% in diabetic RAGE apoE double- 
KO mice (Table 1). After 20 weeks of diabetes, kidney 
weight and creatinine clearance were increased in diabetic 
mice, with similar changes observed in apoE KO and 
RAGE apoE double-KO mice compared with their re- 
spective nondiabetic controls (Table 1). In diabetic RAGE 
apoE double-KO mice, treatment with alagebrium was 
associated with a modest reduction in renal mass and re- 
duced hyperfiltration compared with nontreated mice, 
whereas treatment with quinapril had no effect (Table 1). 
Mesangial area. Mesangial area was assessed on PAS- 
stained sections (Fig. 1) and expressed as a percentage of 
glomerular area (Fig. 1G). After 20 weeks of diabetes, the 
mesangial area was significantly increased in diabetic apoE 
KO mice compared with nondiabetic apoE KO mice (Fig. 1). 
Mesangial expansion associated with the induction of di- 
abetes in RAGE apoE double-KO mice was reduced. This 
decrease in mesangial area was not further attenuated by 
treatment with alagebrium or quinapril. Neither alage- 
brium nor quinapril treatment affected mesangial area in 
nondiabetic RAGE apoE double-KO mice (data not shown). 
Glomerular fibrosis and inflammation. Glomerular ma- 
trix accumulation is the hallmark of diabetic kidney dis- 
ease. The expression of collagen IV in glomeruli was 
significantly increased in diabetic apoE KO mice at a gene 
(Table 2) and protein level (Fig. 2). RAGE deletion was 
associated with a reduction in glomerular collagen IV ex- 
pression in diabetic RAGE apoE double-KO mice. Treat- 
ment with alagebrium or quinapril in diabetic RAGE apoE 
double-KO mice was associated with a further reduction in 
glomerular collagen IV levels, approaching levels observed 
in control mice (Fig. 2g). The expression of fibronectin was 
also increased in glomeruli from diabetic apoE KO mice at 
the gene (diabetic, 2.6 ± 0.4-fold induction; control, 1.0 ± 
0.1-fold induction; P < 0.01) and protein level (Fig. 2ri). 
RAGE deletion was also associated with a reduction in fi- 
bronectin protein in the glomeruli of diabetic RAGE apoE 
KO mice (Fig. 2n). Treatment with alagebrium and quinapril 
further reduced fibronectin protein accumulation in the 
glomeruli from diabetic RAGE apoE double-KO mice 
(Fig. 2ri). There was no significant increase in the tubu- 
lointerstitial area after 20 weeks of diabetes compared 
with nondiabetic controls. The cortical (tubular) expres- 
sion of collagen IV and fibronectin were also not changed 
by diabetes (data not shown). 

Diabetes was also associated with the induction of gene 
expression of key fibrogenic growth factors in the glo- 
meruli, including mRNA-encoding transforming growth 
factor-|3 (tgfbl), connective tissue growth factor (ctgf), 
vascular endothelial growth factor (vegfa), and the p65 
subunit of nuclear factor-KB (NF-kB; vela; Table 2). RAGE 
deletion attenuated induction of ctgf, vegfa, and vela as- 
sociated with diabetes. However, the glomerular gene 
expression of tgfbl (encoding TGF-(3) was unaffected. 
Treatment with alagebrium and quinapril in RAGE apoE 
double-KO mice did not further reduce gene expression 
beyond that observed in RAGE apoE double-KO mice. 




FIG. 1. PAS staining in control (C) and diabetic (D) apoE KO and 
RAGE apoE double-KO mice, with and without treatment: apo E KO 
04); RAGE apoE KO CB); diabetic apoE KO (C); diabetic RAGE apoE 
KO (Z>); RAGE apoE KO + alagebrium (A) 1 mgfltg/day (2?); and di- 
abetic RAGE apoE KO + quinapril (Q) 30 mg/kg/day (F). Scale bar in 
a = 100 |mm. Digital quantification of mesangial area ((2) for n = 6-8 
per group. *P < 0.05 vs. apoE KO. §P < 0.05 vs. diabetic apoE KO. (A 
high-quality color representation of this figure is available in the 
online issue.) 



Glomerular inflammation. Diabetes is associated with 
the recruitment and retention of macrophages in glomeruli, 
as indicated by increased expression of the macrophage 
marker CD lib at the gene and protein level (Fig. 3) and its 
cognate receptor, the adhesion molecule ICAM-1 (Fig. 3). 
Expression of the chemokine MCP-1 was also increased 
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TABLE 2 

Analysis of mRNA expression in isolated renal glomeruli from apoE KO and RAGE apoE double-KO mice, in the presence and absence 
of diabetes, with and without treatment (n = 5-8 per group) 







Control 




Diabetes 






ApoE KO 


RAGE apoE KO 


ApoE KO 


RAGE apoh KO 


RAGE apoE KO + 




Quinapril 


Alagebrium 


ager (RAGE) 


1.0 ± 0.2 




2.1 ± 0.3* 








prkcsh (AGE-R2) 


1.0 ± 0.1 


1.2 ± 0.2 


1.1 ± 0.1 


0.9 ± 0.1 


0.5 ± 0.0#§ 


0.7 ± 0.1§ 


IgalsS (AGE-R3) 


1.0 ± 0.1 


1.7 ± 0.2* 


2.1 ± 0.1* 


1.6 ± 0.1§ 


1.6 ± 0.2§ 


1.3 ± 0.1§ 


col4al (collagen IV) 


1.0 ± 0.2 


1.4 ± 0.2 


2.1 ± 0.4* 


1.4 ± 0.1§ 


1.2 ± 0.1§ 


1.1 ± 0.1§ 


tgfbl (TGF-P) 


1.0 ± 0.1 


1.6 ± 0.2* 


1.8 ± 0.2* 


1.7 ± 0.2 


2.0 ± 0.1 


1.4 ± 0.1$ 


ctgf (CTGF) 


1.0 ± 0.1 


1.5 ± 0.1 


2.9 ± 0.5* 


1.6 ± 0.3§ 


2.6 ± 0.1# 


1.8 ± 0.1§$ 


vegfa (VEGF) 


1.0 ± 0.1 


1.0 ± 0.1 


1.6 ± 0.3* 


1.1 ± 0.1§ 


0.9 ± 0.1§ 


0.8 ± 0.0§ 


rela (NFkB p65) 


1.0 ± 0.1 


1.7 ± 0.2* 


2.0 ± 0.3* 


1.2 ± 0.1§1f 


1.4 ± 0.1§ 


1.1 ± 0.0§ 



Student t test was used for the ager (RAGE) comparison. Encoding proteins are in parentheses. *P < 0.05 vs. apoE control. §P < 0.05 vs. apoE 
diabetic. fP < 0.05 vs. RAGE apoE control. #P < 0.05 RAGE apoE diabetic vs. RAGE apoE diabetic + quinapril. $P < 0.05 RAGE apoE 
diabetic + quinapril vs. RAGE apoE diabetic and alagebrium. 



in the diabetic kidney (Fig. 4). The expression of CDllb, 
ICAM-1, and MCP-1 associated with diabetes was not at- 
tenuated in diabetic RAGE apoE double-KO mice. How- 
ever, treatment with alagebrium and quinapril were able to 
significantly reduce the expression of these inflammatory 
mediators and markers in the absence of RAGE (Figs. 3 
and 4). 

Oxidative stress. Oxidative stress is a key mediator of 
renal injury in the diabetic kidney. After 20 weeks of di- 
abetes, nitrotyrosine staining, a marker of oxidative 
damage, was increased in the glomeruli of diabetic apoE 
KO mice (Fig. 5). Nitrotyrosine staining was reduced in 
diabetic apoE RAGE double-KO mice. There was trend 
for a further reduction in nitrotyrosine staining with 
quinapril (P = 0.08) and alagebrium in diabetic apoE 
RAGE double-KO mice, but these changes did not reach 
statistical significance (Fig. 5). 

Total tissue AGE and RAGEs. Diabetes was associated 
with an increase in the AGE content in renal cortex as 
assessed by ELISA (Fig. 6). RAGE deficiency was not as- 
sociated with any reduction in renal AGE accumulation in 
diabetic mice (Fig. 6). However, treatment with alage- 
brium or quinapril were both associated with a reduction 
in total renal AGE content and glomerular AGE staining, 
consistent with their known effects on inhibiting AGE 
generation (19,22,23). Diabetes was also associated with 
an eightfold increase in the expression of RAGE mRNA 
(ager) in cortical extracts. In addition, the expression of 
IgalsS (encoding AGE-R3) was also increased after 20 
weeks of diabetes, whereas ddost (encoding AGE-R1) 
snd prkcsh (encoding AGE-R2) were unaltered (Table 2). 
These changes associated with diabetes were not signif- 
icantly affected by RAGE deletion, although RAGE de- 
letion itself was associated with a modest increase in the 
gene expression of ddost (encoding AGE-R1) and prkcsh 
(encoding AGE-R3) nondiabetic apoE KO mice. Treatment 
with alagebrium or quinapril reduced the expression of each 
of these RAGEs in RAGE apoE double-KO mice, as pre- 
viously reported (24). 

DISCUSSION 

Inhibition of AGE accumulation is renoprotective in ex- 
perimental diabetes (4). This is partly mediated by reducing 
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AGE-dependent activation of RAGE and subsequent down- 
stream signaling associated with diabetic nephropathy. 
Here, for the first time, we demonstrate that the AGE in- 
hibitor, alagebrium chloride, retains some of its renopro- 
tective effects in the diabetic kidney, including reduced 
glomerular fibrogenesis and attenuated macrophage ac- 
cumulation, even in the absence of RAGE. By contrast, 
mesangial expansion was not affected by alagebrium in the 
absence of RAGE, despite the beneficial effects of alage- 
brium on mesangial expansion in RAGE-replete mice that 
we have previously reported in the same model (4). Al- 
though similar findings have been suggested by in vitro 
studies (14,25), our novel data confirm the presence of 
important RAGE-dependent and RAGE-independent sig- 
naling pathways that may be activated in the kidney by 
AGEs in vivo. These results have important implications 
for the design of optimal therapeutic strategies for the 
prevention of diabetic nephropathy. 

Our data confirm that attenuation of the AGE-RAGE 
axis represents at least one mechanism by which AGE 
inhibition may confer renoprotective benefits. There are 
strong data to suggest that RAGE signaling is important 
for the development and progression of diabetic kidney 
disease. Mice overexpressing RAGE develop severe glo- 
merulosclerosis after the induction of diabetes (13). By 
contrast, treatment of diabetic db/db mice with soluble 
RAGE (sRAGE), a receptor that acts as a competitive 
antagonist to full-length RAGE, significantly reduces 
renal injury in experimental diabetes (14). Similarly, 
genetic deletion of RAGE in our experiments was as- 
sociated with reduced mesangial expansion and glo- 
merular injury associated with diabetes in the current 
study. 

In our model, RAGE deletion alone did not reduce 
diabetes-associated albuminuria, renal hypertrophy, or 
inflammation associated with diabetes. It is possible to 
speculate that the modest albuminuria in our model is 
chiefly hemodynamic and does not accurately reflect renal 
fibrogenesis because only quinapril reduced diabetes- 
associated albuminuria, whereas RAGE deletion and alage- 
brium had clear beneficial effects with respect to fibrogenesis. 
Discordance between effects on albuminuria and renal fi- 
brosis has been shown previously in studies using other 
renoprotective agents, including the use of neutralizing 
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FIG. 2. Immunostaining for collagen IV {a-f) and fibronectin (7i-m) in nondiabetic control (C) and diabetic (D) apoE KO and RAGE apoE double- 
KO mice, with and without treatment. ApoE C (a, /i); RAGE apoE KO (6, i ); apoE D (c,j ); diabetic RAGE apoE KO (cf, A:); diabetic RAGE apoE KO 
alagebrium (A) 1 mg/kg/day (e, /); diabetic RAGE/apoE KO quinapril (Q) 30 mg/kg/day (/*, m). Scale bar = 20 [xm. Digital quantification of glo- 
merular staining for collagen IV Q7) and fibronectin (n) for n = 6-10 per group. *P < 0.05 vs. apoE KO. §P < 0.05 vs. diabetic apoE. flP < 0.05 vs. 
RAGE apoE KO. #P < 0.05 diabetic RAGE apoE KO vs. diabetic RAGE apoE KO + quinapril. fP < 0.05 diabetic RAGE apoE KO vs. diabetic RAGE 
apoE KO + alagebrium. (A high-quality color representation of this figure is available in the online issue.) 



TGF-p antibodies (26). A reduction in diabetes-associated 
albuminuria in RAGE KO mice has been previously reported 
(12,14). However, the streptozotocin diabetic apoE KO 
mouse used in the current study is characterized by more 
advanced diabetic lesions than those observed in C57B16 
and many other mouse models (4). RAGE deletion in the 
OVE26 transgenic diabetic mouse, another relevant model 
of advanced diabetic nephropathy, is also associated with 
attenuation of albuminuria (11). However, the OVE model is 
also associated with increased blood pressure, which is well 
known to correlate with increased albuminuria (27). RAGE 
deletion in the iNOSTg mouse (CD-I background) also 
showed reduced albuminuria, although the effects of RAGE 



deletion on blood pressure and hemodynamic parameters in 
that model have not been reported (28). 

The ability of AGEs to cause renal damage in the ab- 
sence of RAGE may have several explanations. Firstly, 
activation of other RAGEs may modify pathogenic path- 
ways in the diabetic kidney, even in RAGE KO mice. For 
example, AGE-R2 is a protein kinase C substrate involved 
in the p21(ras)-mitogen-activated protein kinase (MAPK) 
signaling cascade. However, other RAGEs have renopro 
tective effects. AGE-R3 receptor KO mice develop accel- 
erated nephropathy after the induction of diabetes (29). In 
addition, AGE-R1 appears to be a clearance receptor and 
opposes AGE-mediated mesangial cell inflammation partly 
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FIG. 3. Gene and protein expression of inflammation markers CDllb and ICAM-1 in glomeruli from nondiabetic control (C) and diabetic (D) apoE 
KO and RAGE apoE double-KO mice, with and without treatment, as measured by RT-PCR and ELISA. Gene expression of CDllb 04), relative 
protein content of CDllb CB), gene expression of ICAM-1 (C), and relative protein expression of ICAM-1 (Z>) for n = 6-10 per group. *P < 0.05 vs. 
apoE KO. §P < 0.05 vs. diabetic apoE. 1fP < 0.05 vs. RAGE apoE KO. #P < 0.05 diabetic RAGE apoE KO vs. diabetic RAGE apoE KO + quinapril. 
fP < 0.05 diabetic RAGE apoE KO vs. diabetic RAGE apoE KO + alagebrium. 



through negative regulation or RAGE signaling (30). Indeed, 
the gene expression of ddost (encoding AGE-R1) sndprkcsh 
(encoding AGE-R3) were increased in the glomeruli of 
RAGE apoE double-KO mice, potentially contributing the 
reduced renal injury in these mice. However, RAGE de- 
letion did not alter renal AGE levels in the absence or 
presence of diabetes, suggesting that AGE-clearance was 
not enhanced. 

Secondly, AGEs may also promote injury directly. Cer- 
tainly, post-translational modification of amino, guanidino, 
and thiol functional groups on vulnerable proteins, lipids, 
and DNA targets has the potential to alter their structure, 
stability, and/or function (31,32). For example, the AGE- 
modification of collagen leads to structural alterations, 
including changes in packing density, self-assembly, and 
surface charge, as well as heterotypic interactions with 
laminin and fibronectin (33,34), which potentially contribute 
to glomerular matrix accumulation and mesangial expansion. 
AGE modification of antioxidants such as Cu-Zn-superoxide 
dismutase contributes to the decline in antioxidant activity 

(35) . AGEs can also directly enhance the formation of free 
radicals through catalytic sites in their molecular structure 

(36) . Indeed, oxidative stress and apoptosis induction by 



modified collagen appears to be largely independent of 
RAGE activation (37). 

The current study has specifically focused on early 
glomerular changes associated with diabetes. Glomerulo- 
sclerosis, interstitial fibrosis, or other structural features 
associated with advanced nephropathy are generally not 
observed in mice bred on a C57B16-background (18). None- 
theless, this model is associated with mesangial expan- 
sion, matrix deposition, and macrophage recruitment. In 
particular, diabetic nephropathy is considered to be an in- 
flammatory disease in which progressive glomerular injury 
is associated with infiltration by CD lib-positive macro- 
phages (38) mediated by various chemokines secreted from 
resident glomerular cells, such as MCP-1 (39), and adhesion 
molecules, such as ICAM-1 (40). In our model, the induc- 
tion of diabetes was associated with the increase in MCP-1 
and ICAM-1 expression in both apoE KO and apoE RAGE 
double-KO mice, paralleling the accumulation of macro- 
phages in the cortex, as denoted by the increased expres- 
sion of the macrophage integrin and leukocyte-adhesion 
mediator CDllb. Treatment with the AGE inhibitor, alage- 
brium, reduced expression of MCP-1, ICAM-1, and CDllb, 
suggesting its anti-inflammatory action is partly independent 
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FIG. 4. Immunostaining for MCP-1 in nondiabetic control (C) and di- 
abetic (D) apoE KO andi&lG^ apoE double-KO mice, with and without 



to the reduction in activation of the RAGE receptor by 
AGEs. This contrasts with in vitro studies that have sug- 
gested that MCP-1 and ICAM-1 are largely RAGE-dependent 
(30) and may be blocked with neutralizing antibodies to 
RAGE (41,42). Such differences potentially reflect the use 
of excessively modified proteins in in vitro systems, which 
are better (although potentially nonphysiologic) RAGE 
ligands. 

Finally, we have also examined the renoprotective 
effects of ACE inhibition in the context of RAGE de- 
letion. Previous work has shown that ACE inhibition 
modifies RAGE signaling (43) and reduces renal AGE 
content (43,44), which may partly contribute to their 
beneficial actions in the diabetic kidney. In the current 
study, however, ACE inhibition with quinapril remained 
effective in reducing glomerular markers of injury and 
inflammation associated with diabetes in the absence of 
RAGE. This is consistent with our previous findings in 
the spontaneously hypertensive rat where AGE in- 
hibition and blockade of the renin angiotensin system 
have synergistic benefits on renal damage associated 
with diabetes (45). 

In summary, our results demonstrate the presence of both 
RAGE-dependent and RAGE-independent signaling path- 
ways in vivo that may be activated in the diabetic kidney by 
AGEs. Although RAGE deletion partly attenuates the de- 
velopment of diabetes-associated glomerular fibrosis and 
mesangial expansion in apoE KO mice, treatment with the 
AGE inhibitor, alagebrium, further reduced glomerular fi- 
brosis and attenuated renal inflammation in diabetic RAGE 
apoE double-KO mice. These results suggest that a combi- 
nation of AGE-lowering therapies and RAGE blockade may 
have synergistic effects for the prevention of diabetic kidney 
disease. 
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treatment. ApoE KO 04); RAGE/apoE KO CB); diabetic apoE KO (C); 
diabetic RAGE apoE KO (Z>); diabetic RAGE apoE KO + alagebrium 
(A) 1 mgflsg/day (#); diabetic RAGE apoE KO + quinapril (Q) 30 mg/kg/ 
day (F). Renal cortical MCP-1 expression by RT-PCR (G) and ELISA 
(7T) for n = 6-8 per group. Scale bar = 20 jjim. *P < 0.05 vs. apoE KO. §P 
< 0.05 vs. diabetic apoE KO. 1fP < 0.05 vs. RAGE apoE KO. #P < 0.05 
diabetic RAGE apoE KO vs. diabetic RAGE apoE KO + quinapril. fP < 
0.05 diabetic RAGE apoE KO vs. diabetic RAGE apoE KO+ alagebrium. 
(A high-quality digital representation of this figure is available in the 
online issue.) 
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FIG. 5. Immunostaining for the marker of oxidative stress, nitro- 
tyrosine, in nondiabetic control (C) and diabetic (D) apoE KO and 
RAGE apoE double-KO mice, with and without treatment. ApoE KO 
(a); RAGE apoE KO (6); diabetic apoE KO (c); diabetic RAGE apoE 
KO (d); diabetic RAGE apoE KO + alagebrium (A) 1 mg/kg/day (e); 
diabetic RAGE apoE KO + quinapril (Q) 30 mg/kg/day (f). Digital 
quantification Q7) for n = 6-10 per group. *P < 0.05 vs. apoE KO. §P < 
0.05 vs. diabetic apoE KO. 1fP < 0.05 vs. RAGE apoE KO. (A high- 
quality color representation of this figure is available in the online 
issue.) 
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FIG. 6. Immunostaining for AGEs in nondiabetic control (C) and di- 
abetic (D) apoE KO and RAGE apoE double-KO mice, with and without 
treatment. ApoE KO (a); RAGE apoE KO (ft); diabetic apoE KO (c); 
diabetic RAGE apoE KO (d); diabetic RAGE apoE KO + alagebrium (A) 
(1 mg/kg/day) (e); diabetic RAGE apoE KO + quinapril (Q) (30 mgfltg/ 
day) (f). Renal cortical AGE content by ELISA Q7) using the same 
antibody as used for immunohistochemistry for n = 5-6 per group. Data are 
presented as the geometric mean ± tolerance factor. P < 0.05 (ji = 6-10 
per group). *P < 0.05 vs. apoE KO. §P < 0.05 vs. diabetic apoE KO. UP < 
0.05 vs. RAGE apoE KO. #P < 0.05 diabetic RAGE apoE KO vs. diabetic 
RAGE apoE KO + quinapril. fP < 0.05 diabetic RAGE apoE KO vs. di- 
abetic RAGE apoE KO+ alagebrium. (A high-quality color representation 
of this figure is available in the online issue.) 
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